Eleven conditional lethal dnaG(Ts) mutations were located by chemical cleavage of heteroduplexes formed between polymerase chain reaction-amplified DNAs from wild-type and mutant dnaG genes. This entailed end labeling one DNA strand of the heteroduplex, chemically modifying the strands with hydroxylamine or osmium tetroxide (OS04) at the site of mismatch, and cleaving them with piperidine. The cleavage products were electrophoresed, and the size corresponded to the position of the mutation with respect to the labeled primer. Exact base pair changes were then determined by DNA sequence analysis. The dnaG3, dnaG308, and dnaG399 mutations map within 135 nucleotides of one another near the middle of dnaG. The "parB" allele of dnaG is 36 bp from the 3' end of dnaG and 9 bp downstream of dnaG2903; both appear to result in abnormal chromosome partitioning and diffuse nucleoid staining. A suppressor of the dnaG2903 allele (sdgA5) maps within the terminator T1 just 5' to the dnaG gene. Isogenic strains that carried dnaG2903 and did or did not carry the sdgAS suppressor were analyzed by a combination of phase-contrast and fluorescence microscopy with 4',6-diamidino-2-phenylindole to stain DNA and visualize the partitioning chromosome. Overexpression of the mutant dnaG allele corrected the abnormal diffuse-nucleoid-staining phenotype associated with normally expressed dnaG2903. The mutations within the dnaG gene appear to cluster into two regions which may represent distinct functional domains within the primase protein.
primer RNA prior to DNA synthesis (15, 17) . A 5'-CTG-3' trinucleotide flanking stem loop I that serves as the complement for the start of the newly synthesized primer appears to be essential in signaling the initiation of primer synthesis (15, 16) . The dnaG gene product is required to initiate DNA synthesis at the Escherichia coli chromosomal origin (oriC) of DNA replication (47) and for the priming of Okazaki fragment lagging-strand synthesis (25) .
The dnaG gene is 1,746 nucleotides (582 codons) long, and several regulatory sites are adjacent to or within the gene (6, 27, 28, 30, 31, 38, 46) . A terminator structure (T1) is just upstream of the dnaG start codon, and transcription of the gene seems to be regulated by antitermination (1, 29, 31, 46, 51) . There are three promoters just before the 3' end of dnaG, and in addition there is an RNA-processing site immediately adjacent to its translation termination codon (6) .
The existence of the mutations in dnaG with conditional lethal (temperature-sensitive) phenotypes demonstrates that primase protein is essential for cell growth. Both missense temperature-sensitive mutants and amber mutations, in a supF(Ts) background, have been described. Phenotypes associated with specific dnaG(Ts) mutations include "quickstop" mutants, in which DNA synthesis immediately stops at 42°C (dnaG308 and dna399), and "slow-stop" mutants (dnaG3, dnaP, or dnaG2903), in which residual synthesis occurs at restrictive 42°C. Quick-stop mutations probably affect elongation of the replication fork, while slow-stop mutations might affect the initiation of chromosomal DNA * Corresponding author.
replication. Recently, the parB mutation has been found to be a dnaG allele and to confer a partial defect in both initiation and elongation of DNA replication at nonpermissive temperatures (39) .
The parB (39) mutant is one of the par strains identified by Hirota et al. (19) which continue synthesizing DNA but keep the chromosomes centrally located rather than partitioned along filaments. The dnaP allele was originally isolated by screening temperature-sensitive strains for phenethyl alcohol resistance, which has been interpreted to suggest an interaction between the replication apparatus and the membrane (48) . It is a dnaG allele, dnaG2903 (36) , and has morphologic characteristics indicative of deficient chromosome partitioning, such as an abnormal nucleoid structure (48) . In dnaP cells, altered cell membrane properties have been reported, indicating a possible interaction of primase with the cell membrane (48) . Several suppressor mutants of dnaG2903 have been isolated, and two of these (sdgA5 and sdgA6 [21] ) are due to point mutations in T1, the terminator that precedes the dnaG gene. Transcription of dnaG is increased in these mutants because of deficient termination, and the overproduction of the altered dnaG2903 gene product suppresses the growth defect (21) . The exact role of the primase protein in the chromosome separation process is not known, and it is therefore unclear whether these defects in partitioning represent a secondary effect of impaired DNA replication or possibly a separate function of the dnaG protein. Determining the exact location of the different mutations in the dnaG gene may help clarify the functional roles of DnaG.
In this paper we report the analysis of 11 E. coli strains which are conditional lethal for growth with mutations that map to the dnaG locus. The site of the mutations within the dnaG gene was determined by chemical mismatch cleavage (8) (9) (10) (11) 13) , and the actual base pair change was determined by DNA sequencing. The mutations map to two regions Polymerase chain reaction (PCR). Genomic DNA (0.5 ,ug) was isolated from each strain by standard procedures (32) and was amplified for 30 cycles, with primers B and D for the 5' region of the dnaG gene and primers C and F for the 3' end (see Fig. 2 ). The primer sequences were as follows: B, 5'-GAATTGCTAAAAATCGGGGCCT-3'; D, 5'-CTAGCG TGTCAGGGTCTTCGCC-3'; C, 5'-GTTCCGCGCGACCA ACAATGTC-3'; and F, 5'-GCCAACGATAATTACGAGG GCG-3'. Additional primers ox (5'-CGCAGGAAGTTTCAA TACCC-3') and 3 (5'-CACGCGTGGAAATTCTTGCC-3') were used to analyze the dnaG upstream regulatory region. Taq polymerase (Cetus) (5 U) was used in each amplification, and the buffer, deoxyribonucleotide concentration, and primer concentration were as described by Kogan et al. (24) . The reaction mixture volume was 100 ,lI. Amplification conditions were as follows. An initial denaturation step of 7 min at 94°C was followed by 30 cycles of 90°C for 30 s, annealing at 60°C for 1 min, and polymerase extension at 72°C for 3 min. After this, a final extension step of 72°C for 6 min was added. Five microliters of each amplification reaction mixture was electrophoresed in a 1% agarose gel and stained with ethidium bromide to estimate the quantity and verify the size of the amplification product.
The products were purified with a Centricon 100 column (Amicon) and frozen at a concentration of 1 3 h. Collected samples were washed in 0.84% NaCl, resuspended in 10 ,ul of 0.84% NaCl, and added to a glass slide.
The slides were air dried at room temperature and fixed with methanol. After rinsing with tap water, 10 pI of poly-L-lysine (Sigma) solution (5 ,ug/ml) was added and the slides were dried at room temperature. Then 10 RI of 4',6-diamidino-2-phenylindole (Boehringer Mannheim) solution (5 pg/ml) was added to the dried slide, and a coverslip was added. The stained cells and nucleoids were visualized with a Zeiss Axiophot Microscope, x2,000 magnification, by the "fluo-phase" method (18) . Photographs were taken with Ektachrome 400 film.
Phenethyl alcohol resistance. Overnight cultures were diluted 1:10 and grown to log phase (optical density at 600 nm, 0.6 to 0.8) at 32°C. The log-phase cells were serially diluted in 0.84% NaCl and plated on LB supplemented with 0.15% R-(+)-sec-phenylethyl alcohol (Sigma) to obtain 102 to 103 CFU/100-mm plate. Plates were incubated at 32°C for 14 h. Colonies were counted and compared with the same strain at the same dilution on LB alone as a control. The percent colony survival was then tabulated.
RESULTS
Thermosensitive growth phenotype of dnaG mutant strains. Temperature sensitivity was confirmed and most pronounced with the dnaG3 and dnaG399 alleles, as demonstrated by the lack of growth at 37°C (Fig. 1) . As expected, none of the dnaG(Ts) strains grew normally at 42°C. Of the dnaG(Am) mutants in a supF(Ts) background, the dnaG26(Am) strain gave the smallest colonies and appeared to grow the most poorly at permissive 32°C.
Although dnaP and dnaG2903 are the same dnaG allele (see below), they were harbored in different strain backgrounds. The dnaG2903 strain used here was constructed by placing the dnaG allele on a wild-type (W3110) background (21), while dnaP is from the original mutant strain (36, 48 of the dnaG allele-containing strains were temperature sensitive and did not grow at 42°C. Note that strains harboring the dnaG3 allele or dnaG399 allele display extreme temperature sensitivity, as evidenced by an absence of growth at 37°C. In this paper, these alleles are shown to be the same base pair change at the dnaG locus.
Amber mutations in dnaG. dnaG amber mutations, demonstrating temperature-sensitive phenotypes with a supF(Ts) background, were studied first, since they provided a control for the methodology: each should result from a mutation to TAG amber in-frame termination codons. This expectation was verified with each of the three cases analyzed. An example of the complete cleavage that locates the base pair change in the dnaG24(Am) allele is shown in Fig. 3 (37) . The 5' location of this mutation is polar on rpoD when supF(Ts) is thermally inactivated (37). The mutation detected by chemical mismatch cleavage at nucleotide 94 therefore fulfilled predictions for both the expected sequence alteration and the position. Sequence analysis demonstrated the expected C-to-T transition at nucleotide 94. Closer examination of the cleavage product of dnaG24(Am) revealed a doublet (Fig. 4) as also found by Cotton and Campbell (9), who showed that base mismatching in heteroduplexes may destabilize contiguous base pairs and thus may lead to several bands clustering around the true mutation site.
Conceivably, the three bands seen with dnaG9(Am) (Fig.  4) (Fig. 4) . The mismatch in dnaG26(Am) was found by using probe C*F and hydroxylamine, indicating a cytosine alteration and confirmed by DNA sequencing.
Mutants thermosensitive for DNA synthesis cluster in two regions of the dnaG structural gene. Chemical cleavage analysis was performed on the 11 mutant strains shown in Table 1 by scanning the dnaG structural gene to detect the position of the mutation. For each dnaG strain, all eight chemical-cleavage reactions were performed as in the analysis of dnaG24(Am). The results (Fig. 4) are shown only for the individual chemical-cleavage reactions in which a cleavage product was detected. Two separate cleavage products were seen in dnaG308, one with probe BD* and osmium tetroxide and one with B*D and hydroxylamine. The first was due to an A-to-T transversion at nucleotide 755, changing glutamine 252 to leucine, and the second was due to a C-to-T transversion at nucleotide 620, altering proline 207 to leucine. Both results in sharp bends in polypeptide chains which affect protein tertiary structure. dnaG3 and dnaG399 resulted in identical cleavage products, a 300-bp fragment from BD* after hydroxylamine treatment, and sequence analysis showed that each mutation was due to a G-to-A transition at nucleotide 740 (codon 247). Since these alleles were isolated in different laboratories and strain backgrounds and had different phenotypes (dnaG3, residual DNA synthesis; dnaG399, quick stop), we tested for a possible strain mix-up by again obtaining these strains from the E. coli Genetic Stock Center. The G-to-A mutation creates a Sau3A restriction site, and this new site was found with the PCR-amplified chromosomal DNA from each of these mutant strains (data not shown Previously, it was demonstrated that dnaP is a dnaG allele (dnaG2903) and extragenic suppressors of dnaG2903, sdgA5 and sdgA6, are point mutations in T1. By our analysis, strains harboring dnaP (dnaG2903) and suppressors sdgA5 and sdgA6 were found to contain the original dnaG mutation as expected by hydroxylamine modification and cleavage of the CF* probe. The sequence alteration responsible in these strains is a G-to-A transition in nucleotide 1699, changing glutamic acid 567 to lysine (Fig. 5b and Table 2 ). The possibility of additional mutations occurring in the sdgA strains was examined by scanning the regions upstream of dnaG by using primers ot and A (Fig. 2) . Only one cleavage product whose size corresponded to a base pair change in T1 (21) was found (data not shown). The suppression of the temperature-sensitive phenotype of dnaG2903 in sdgA5 and sdgA6 strains therefore is most likely attributable to the mutations in the terminator structure. parB resembles dnaG2903 in phenotype (39) , and the parB mutation maps 9 bp downstream at nucleotide 1708. The mutation leads to a glutamic acid (570)-to-lysine change in DnaG. Figure Sb shows the sequence analysis of this region for both strains. The mutation in parB obliterates a Sacl restriction site, and this was confirmed by restriction digestion of PCR-generated CF fragments with chromosomal DNA from parB, dnaG2903, and W3110 strains (data not shown).
Phenotypic characterization of strains harboring dnaG alleles. To examine the phenotype resulting from specific mutations at the dnaG locus, isogenic strains harboring dnaG2903 and its suppressors (sdgA5 and sdgA6) were examined by combination fluorescence-phase-contrast microscopy with W3110 as the isogenic wild-type control. The combined fluo-phase method (18) parB NTG Chromosome partition mutant; continues to synthesize DNA but Codon 570 (GAG-sAAG, Glu-*Lys) keeps the chromosomes centrally located rather than partitioned along the filaments, DNA replication perturbed in both initiation and elongation; abnormal nucleoid structure dnaP (dnaG2903)' NTG Residual synthesis at 42°C; alteration in membrane structure afCodon 567 (GAA-*AAA, Glu-*Lys) fects sensitivity to phenylethyl alcohol, sodium deoxycholate, and rifampin; abnormal nucleoid structure. NTG, N-Methyl-N'-nitro-N-nitrosoguanidine; HA, hydroxylamine. bAll of the dnaG alleles cause conditional lethal (temperature-sensitive) mutants which grow normally at 32°C but will not grow at 42°C. c dnaP was renamed dnaG2903 when it was found to be a dnaG allele (36) .
with centrally located, discrete, round nucleoids (one to two per cell). The dnaG2903 strain was wild type in morphology at 32°C but exhibited dramatic cell filamentation as seen with the other dnaG mutant strains at the restrictive temperature (Fig. 6) . Strains harboring the parB mutation are indistinguishable from the dnaG2903 strain with respect to cell and nucleoid morphology at the nonpermissive temperature of 42°C (data not shown). A diffuse nucleoid pattern had been reported in a parB strain studied by autoradiography (39) , while a dispersed nucleoid structure had been observed for a dnaP (dnaG2903) strain studied by electron microscopy (48) . The extragenic suppressor mutant for dnaG2903, sdgA5, exhibited wild-type cellular and nucleoid morphology at the restrictive temperature (Fig. 6) , and sdgA6 at a different site in the terminator exhibited an identical pattern (data not shown).
The dnaP strain was previously demonstrated to be relatively resistant to phenethyl alcohol. We examined resistance to phenethyl alcohol in strains in which the mutation in dnaG mapped to the carboxy terminus (dnaG2903 and parB) and compared these results to the dnaG mutant strains that clustered in a different region (dnaG308 and dnaG399). Although these are not isogenic strains, the fact that the temperature-sensitive growth phenotype in all strains is suppressed by either complementation or marker rescue with a recombinant plasmid containing the dnaG gene (pGL444 [30] ) suggests that this phenotype results from mutations at the dnaG locus (data not shown). Strains harboring the dnaG2903 allele were resistant, as demonstrated by the 95% colony survival on LB plates supplemented with 0.15% phenethyl alcohol compared with the 80% colony survival for wild-type W3110. Interestingly, a strain harboring the mutation mapping close to dnaG2903, the parB allele, behaved reproducibly in a very similar manner, with 75% colony survival on 0.15% phenethyl alcohol. Strains harboring the dnaG308 or dnaG399 allele were much more sensitive to phenethyl alcohol than wildtype W3110, with less than 1% of the colonies surviving. It is important to note that despite the differences in strain background, the precise location of the dnaG mutation clearly separates these strains with respect to phenethyl alcohol resistance.
DISCUSSION
We have used PCR amplification and specific cleavage at mismatched sites in heteroduplex DNAs to quickly locate interesting mutations in the dnaG gene. The dnaG3, dnaG308, and dnaG399 mutations defective in DNA synthesis were located within 135 nucleotides of each other in the middle of the gene, whereas the parB and dnaP (dnaG2903) mutations defective in chromosome partitioning were in the last 50 nucleotides separated by 9 bp. parB and dnaP are the two dnaG alleles that suggest that the primase protein may be involved in chromosome partitioning. In dnaP strains, abnormal nucleoid organization and alterations in the membrane structure have been described, indicating that DnaG might interact with the cell membrane during division (48 B _> C~~~~F IG. 6 . Fluorescence and phase-contrast microscopy of dnaG(Ts) strains at permissive and restrictive temperatures. Cells were prepared for microscopy as described in Materials and Methods and were examined for cell shape and nucleoid morphology by the fluo-phase technique (18) . Shown is a composite of photographs at various time points after release from synchronization, in which the technically best photograph, as judged by visualization of cell morphology and nucleoid structure, was utilized. All photographs were from time points that were within membrane, and thus, this reagent may be separating DNA replication from membrane interaction domains (40, 45) .
Combination fluorescence-phase-contrast microscopy reveals that sdgA5 and sdgA6 mutant strains clearly suppress both the aberrant cellular and nucleoid phenotypes of dnaG2903. Overexpression of the mutant protein, the dnaG2903 product, in the sdg mutants compensates for these defects. Two possible models to explain suppression by overexpression of a mutant primase are as follows. (i) This domain provides structural rather than enzymatic function (i.e., interaction with another protein or membrane structure) where the total amount of a specific allele product is critical, or (ii) this mutant protein is unstable at 42°C. Evidence against the latter hypothesis is that dnaP (dnaG2903) mutant strains resume DNA synthesis rapidly after transfer to the permissive temperature, even in the presence of chloramphenicol (48) . The fact that cell division is not restored even in the absence of chloramphenicol suggests that this mutation affects a function of primase that is distinct from its role in DNA synthesis (48) . In support of the first model, quantitative compensation by overexpression of the mutant dnaG2903 allele restores normal cell growth (21) (Fig. 1) and normal cell and nucleoid morphology (Fig. 6 ). In contrast, dnaG3, dnaG308, and dnaG399 may affect more critical catalytic domains which cannot be ameliorated by overexpression.
Interestingly, the E. coli dnaG399 allele could be complemented by a dnaG+ gene from S. typhimurium, whereas the dnaP (dnaG2903) allele could not (34) . The dnaP allele is more pleiotropic on DNA replication and cell division, as reflected by the differential reversibility of these effects. Complementation of the cell division defect of dnaP would not be detected in the assay utilized if a long phenotypic lag were required for phenotypic expression (34) .
E. coli strains with par mutations display an abnormal nucleoid morphology phenotype which is presumably due to chromosome replication without partitioning and results in large nucleoids in the midcell. Chromosome partitioning involves decatenation of replicated chromosomes (topological resolution) as well as segregation of daughter chromosomes (topographical segregation) (22) . The parA and parD alleles have been demonstrated to be mutations in the gyrB (23) and gyrA (20) genes, respectively. Recently, a new topoisomerase essential to chromosome partitioning, topoisomerase IV, has been identified and its two subunits have been defined by the mutations parC and parE (22) . The parC gene demonstrates homology to gyrA, while parE demonstrates homology with gyrB (22) . To date, parB is the only mutation which displays a chromosome-partitioning defect that is not in a topoisomerase gene. The phenotypes associated with parB and dnaG2903 may reflect a role of DnaG in the topographical segregation of daughter chromosomes. We propose a model in which chromosome partitioning depends on the attachment of the replisome to the membrane structure. In this model, DnaG is part of the replisome and its carboxy tail is part of a domain that links the replisome to other parts of the segregation machinery.
